Bean rust is a devastating disease of common bean in the Americas and Africa. The historically 64 important Ur-3 gene confers resistance to many races of the highly variable bean rust pathogen 65 that overcome all known rust resistance genes. Existing molecular markers tagging Ur-3 for use 66 in marker assisted selection produce false results. We described here the fine mapping of Ur-3 67 for the development of highly accurate markers linked to this gene. An F 2 population from Pinto 68 114 × Aurora was evaluated for its reaction to four different races of the bean rust pathogen. A 69 bulked segregant analysis using the SNP chip BARCBEAN6K_3 positioned the approximate 70 location of the Ur-3 locus to the lower arm of chromosome Pv11. Specific SSR and SNP 71 markers and haplotype analysis of 18 sequenced bean lines led to position the Ur-3 locus to a 72 46.5 Kb genomic region. We discovered a KASP marker, SS68 that was tightly linked to the Ur-73 3 locus. Validation of SS68 on a panel of 130 diverse common bean lines and varieties 74 containing all known rust resistance genes revealed that it was highly accurate producing no false 75 results. The SS68 marker will be of great value to pyramid Ur-3 with other rust resistance genes. 76
Introduction
The Ur-3 gene has been mapped on chromosome Pv11 of the common bean genome (Stavely 156 1998; Miklas et al. 2002) . Inheritance of resistance and phenotypic data revealed that the Ur-3 157 gene was very closely linked to Ur-11 on the terminal position of chromosome Pv11 (Kelly et al. 158 1996) . The close proximity between these two genes led to the naming of the rust resistance gene 159 in PI 181996 as Ur-3 2 (Kelly et al. 1996) . However, later reports demonstrated the independence 160 of Ur-3 and Ur-3 2 and revealed that these two genes were linked in repulsion and different from 161 each other (Stavely 1998 ). Thus, Ur-3 2 was renamed Ur-11 (Stavely 1998 ). The close proximity 162 of Ur-3 to Ur-11 may be one of the main reasons why it has been difficult to find DNA markers 163 that are specific the Ur-3 gene. There are other named rust resistance genes on Pv11 (Ur-6, Ur-7, 164
and Ur-11), as well as two other unnamed genes (Ur-Dorado 53 and Ur-BAC 6), albeit, these 165 genes are not as closely linked to Ur-3 as Ur-11 is (Miklas et al. 2002; Kelly et al. 2003) . 166
Four specific races of the bean rust pathogen have been reported as phenotypic markers that 167 effectively identify rust resistance genes; race 53 identifies Ur-3, race 49 for Ur-4, race 47 for 168
Ur-6, and race 67 identifies Ur-11 (Stavely 2000 ; Pastor-Corrales and Stavely 2002) . These 169 races identify the presence of these genes alone or in combinations with other rust resistance 170 genes. However, the phenotypic identification of these rust resistance genes is laborious, time 171 consuming, and currently only performed at the Bean Project at Beltsville. Moreover, the 172 detection of multiple rust resistance genes in common bean using phenotypic markers is also 173 often complicated by the presence of epistasis between rust resistance genes (Miklas et al. 1993; 174 Pastor-Corrales and Stavely 2002) . Furthermore, the current molecular markers (mostly RAPD 175 and SCAR markers) linked to rust resistance genes in common bean that were reported almost 176 two decades ago, yield false positive and negative results, as is the case with the currently 177 available RAPD (OK14 620 ) and SCAR (SK14) markers linked to the Ur-3 locus (Nemchinova 178 and Stavely 1998; Haley et al. 1994; Stavely 2000) . 179
Several factors contributed to the false positive and false negative results when using the 180 current molecular markers. Among these factors is the fact that some molecular markers were 181 not sufficiently close to the gene of interest. Another constrain was the close proximity among 182 rust resistance genes, as is the case between the Ur-3 and Ur-11 genes. Additionally, until 183 recently the lack of a reference genome for common bean hindered the development of highly 184 specific DNA markers. The publication of the common bean reference genome in 2014 (Schmutz bean are making possible the identification of more effective molecular markers. 187
The objective of this study was to develop highly effective molecular markers for the 188 detection of the historically important and widely used Ur-3 rust resistance gene. To accomplish 189 this, we fine mapped the genomic region containing the Ur-3 gene. We used a combination of 190 high-throughput single nucleotide polymorphism (SNP) genotyping, bulked segregant analysis 191 (BSA), and local association of the phenotype and genotype of a diverse set of 18 common bean 192 lines. This is the first research that combines various novel technologies to fine map a bean rust 193 resistance gene in common bean that results in the identification of a highly effective molecular 194 marker linked to 196
Material and Methods 197

Population development and phenotypic evaluation of the bean rust disease 198
A total of 129 F 2 plants were derived from the cross Pinto 114 x Aurora. Both are dry beans of 199 the Mesoamerican pool of common bean, where Pinto 114 was the susceptible parent and Aurora 200 was the resistant parent containing the Ur-3 gene. All F 2 plants, parents, and control cultivars 201 were grown in 12.7-cm-diameter pots containing two plants per pot. The primary (unifoliate) 202 leaves of bean plants were inoculated about seven days after seeding, when the primary leaves 203 were about 35-65% expanded. To prepare the rust inocula, suspensions of frozen urediniospores 204 of various races of U. appendiculatus were placed in a 25 ml solution of cold tap water and 0.01 205 % Tween 20 in a 250-ml Erlenmeyer flask. The spore solutions were prepared with a 206 concentration of 2×10 4 urediniospores.mL -1 . All 129 F 2 plants were inoculated with races 41, 53, 207 84 and 108 of U. appendiculatus. The following cultivars with known rust resistance genes were 208 included in the inoculation as internal controls of successful rust inoculation: Early Gallatin (Ur-209 4), Golden Gate Wax (Ur-6), and PI 181996 (Ur-11) ( Table 1) . The F 2 plants were inoculated 210 using a cotton swab to apply the spore solution of each of the races on the abaxial side of the 211 primarily leaves. After inoculation, the plants were transferred to a mist chamber (20 ± 1ºC and 212 relative humidity >95%) for 18 hours under darkness. After this period, the plants were 213 transferred to the greenhouse. Visible rust symptoms were observed on susceptible plants about 214 10-12 days after inoculation (dai). 215 reaction, HR); 2+ = necrotic spots without sporulation, 0.3-1.0 mm in diameter; 2++ = necrotic 219 spots without sporulation, 1.0-3.0 mm in diameter; 2+++ = necrotic spots larger than 3.0 mm in 220 diameter; 3 = uredinia (sporulating pustules) less than 0.3 mm in diameter; 4 = uredinia 0.3-0.5 221 mm in diameter; 5 = uredinia 0.5-0.8 mm in diameter; 6 = uredinia larger than 0.8 mm in 222 diameter. Plants with grades 2 and 3 were classified as resistant, whereas those with rust grades 223 of 4, 5, and 6 were classified as susceptible. Thereafter, the F 2 plants were maintained in the 224 greenhouse to produce F 2:3 families by selfing. A total 281 F 3 plants from twelve selected F 2:3 225 families were inoculated with race 53 of U. appendiculatus. These families were inoculated 226 using an Air Brush-Depot compressor, model TC-20, and a Iwata Airbrush, Revolution BCR, by 227 applying the spore solution (concentration of 2×10 4 .mL -1 ) of race 53 on the abaxial side of the 228 leaves. After spraying, plants were treated similarly to the F 2 plants, described above. 229
A summary of the bean rust phenotype on differential bean cultivars with all races of the rust 230 pathogen used during this study is presented in Table S1 . 231 232
Bulk Segregant Analysis and SNP assay 233
Newly trifoliate leaves from each of the F 2 plants were collected and total genomic DNA was 234 isolated using DNeasy 96 Plant Kit (Qiagen, CA) according to manufacturer's instructions. 235
Based on the rust reaction of each of the F 2 plants, three susceptible bulks were prepared. Each 236 bulk consisted of DNA from eight F 2 susceptible plants, to ensure that heterozygous resistant 237 plants were not included in the bulks. These bulks were used for bulk segregant analysis (BSA) 238 for identification of markers potentially associated with the Ur-3 gene (Michelmore et al. 1991) . Institute). The scaffolds were screened for the presence of simple sequence repeat (SSR) 254 markers. Procedures for SSR identification, SSR screening, and primer design were previously 255 described by Song et al. 2010. 256 The polymorphism and quality of the SSR markers were first tested using DNA from the 257 
Fine-mapping of the Ur-3 locus in F 3 plants using KASP markers 290
F 2:3 families were selected based on the recombination between Ur-3 and the molecular markers 291 (SSRs and KASPs) found in the F 2 population. A total of ten F 2:3 families were selected for 292 screening with KASP markers SS4 and SS6 flanking the Ur-3 locus. One homozygous resistant 293 family and one susceptible family were evaluated as internal controls. The number of plants per 294 family varied from 22 to 32 according to the availability of seeds. A total of 281 F 3 plants were 295 inoculated with race 53 of U. appendiculatus as described above. DNA from the F 3 plants was 296 isolated according to Lamour and Finley (2006) and were genotyped with KASP markers SS4 297 and SS6. F 3 plants showing recombination between markers SS4 and SS6 were selected for 298 additional genotyping with newly designed KASP markers in order to narrow the region 299 containing the Ur-3 locus. 300 301
Haplotype analysis of the Ur-3 locus 302
Haplotype analysis was performed in the genomic region flanked by the SS4 and SS6 KASP 303 markers. These two markers flanked a region of 470,487 bp on Pv11. Eighteen diverse bean 304 cultivars including C20, Matterhorn, Stampede, T39, Sierra, Red Hawk, Jalo EEP 558, 305
Michelite, UC White, Kardinal, Laker, Cornell 49242, BAT 93, Buckskin, Fiero, Lark, UI 906 306 and CELRK were sequenced by Song et al. (2015) and used for the haplotype analysis. These 307 lines were also inoculated with races 49, 53, 67 and 108 of U. appendiculatus as previously 308
described. The sequence variants in the targeted genomic region of the 18 cultivars and their Excel and haplotypes were identified by visual inspection. At least two KASP markers were 312 designed for each of the observed haplotypes. Whenever feasible, SNP markers were located 313 every 10 Kb across the 470,487 bp genomic region. When KASP markers were polymorphic 314 between the Pinto 114 (ur-3) and Aurora (Ur-3) parents, they were used to genotype F 3 plants 315
with recombination between the markers SS4 and SS6. 316 317
Validation of the markers linked to the Ur-3 locus 318
A panel of 130 diverse cultivars bean lines and varieties that included all rust resistance genes in 319 common bean were genotyped using KASP markers tightly linked with Ur-3. This was 320 performed with the purpose of generating accurate Ur-3 markers useful in marker-assisted 321 selection. In this panel, some cultivars had the Ur-3 gene alone, other cultivars had Ur-3 322 combined with other rust resistance genes, while others did not have any reported rust resistance 323 genes. The cultivars in the panel were phenotyped before or during the course of this study with 324 multiple races of the bean rust pathogen including race 53, the phenotypic marker for the Ur-3 325 gene. 326 327
Data Availability 328
All data described in this manuscript related to bean rust phenotypes, Pinto 114 x Aurora F 2 329 genetic map, F 3 fine mapping population, and haplotype analysis are available in Table S1 , Table  330 S2, Table S3 , Table S4, Table S5 , Table S6, and Table S7 . 331
332
Results 333
Inheritance of rust resistance in common bean Aurora 334
A total of 129 F 2 plants from the Pinto 114 × Aurora cross were evaluated for their reaction to 335 races 41, 53, 84 and 108 of U. appendiculatus (Table S2 ). Aurora was resistant to all four races 336 with a reaction that was characterized by necrotic spots without sporulation (grades 2, 2 + ). Pinto 337 114 was susceptible to the same four races with a reaction characterized by large uredinia (grade 338 4, 5, and 6). Based on the reaction to all four races, the inheritance of rust resistance study of the 339 was conferred by the single and dominant Ur-3 gene (Table S2) between the parents Pinto 114 (S) and Aurora (R) parents (Table 3) (Table 4 ). Five KASP markers showed clear 362 separation of the three clusters (2 homozygous and 1 heterozygous) and were polymorphic 363 between the Pinto 114 and Aurora parents. These KASP markers were used to refine the Ur-3 364 gene map. Linkage analysis in the F 2 population genotyped with 13 SSRs and the five KASP 365 markers showed that Ur-3 was flanked by KASP marker SS5 and SSR marker 366 Table S3 ). The distance of the Ur-3 locus to both markers was 367 0.2 cM (Figure 1) . 368 369 KASP markers SS4 and SS6 were mapped at 0.6 and 1.0 cM from the Ur-3 locus, respectively 373 ( Figure 1) , in a 470,487 bp (470 Kb) genomic region of chromosome Pv11, from 46,613,419 to 374 47,083,906. These markers were chosen to genotype 12 selected F 2:3 families from the cross 375
Pinto 114 × Aurora. Among the 12 families, four were derived from recombinant F 2 plants 376 between KASP markers SS4 and SS6, six families were heterozygous between markers SS4 and 377 SS6 flanking Ur-3, and two families were used as internal controls: one homozygous resistant 378 and the other homozygous susceptible. In addition, these twelve families (281 F 3 plants) were 379 inoculated with race 53 of U. appendiculatus. Genotyping the 281 F 3 plants resulted in 87 F 3 380 plants with recombination events between the SS4 and SS6 KASP markers (Table S4 ). These 87 381 F 3 plants were selected for subsequent fine mapping analysis with additional KASP markers 382 (Table 4 ). SS5 (ss715647451 at position 46,667,862) was the only KASP marker derived from 383
the BeanChip that was located between SS4 and SS6; thus, SS5 was also used to genotype the 384 recombinant 87 F 3 plants. 385
We then mined the sequence data (SNPs) from 18 common bean lines (Song et al. 2015) to 386 search for additional SNPs between SS4 and SS6. Based on the whole genome sequence of the 387 18 common bean lines, approximately 6000 SNPs and small indels were found between SS4 and 388 SS6 (Table S5 ). These SNPs were grouped into ten major haplotypes ( Table 5 ). Each of these 389 haplotypes were then tagged with one or two KASP markers and were examined for their 390 polymorphism between Pinto 114 (ur-3), Aurora (Ur-3), Mexico 235 (Ur-3+), and PI 181996 391 (Ur-11). The KASP markers polymorphic between the Pinto 114 and Aurora parents were tested 392 on the set of 87 F 3 recombinant plants identified previously with KASP markers SS4 and SS6. 393
Analysis of the 87 F 3 recombinant plants positioned the Ur-3 gene between KASP markers SS17 394 and SS21, in a genomic region of 83,198 bp (Table S7) . Concurrently, a specific haplotype for 395
Ur-3 was identified based on the reaction of the 18 sequenced cultivars to race 53 of U. 396 appendiculatus. Only the cultivars C20, Matterhorn, Stampede, T39, and Sierra had a resistant 397 phenotype (hypersensitive response) to races 53 and 108 indicating that these cultivars have the 398 Ur-3 gene (Table S7 ). The final genotyping analysis on the 87 recombinant plants mapped Ur-3 399 between KASP markers SS36 and SS21, in a specific genomic region of 46,563 bp, ranging from 400 susceptible, had the same recombination breakpoint, demonstrating that the Ur-3 gene was located in the region flanked by SS36 and SS21 (Table 6) . 403
Subsequent genotyping of the 129 F 2 plants from the Pinto 114 × Aurora cross using KASP 404 SS36 and KASP marker SS68, which was targeting the Ur-3 haplotype and only~ 200bp 405 downstream from SS36, showed that these markers were linked to the Ur-3 rust resistance gene, 406 with no recombination observed between bean rust phenotype and genotype (Table S2 ). The 407 KASP marker SS68 effectively differentiated homozygous resistants, homozygous susceptibles, 408 and heterozygous plants ( Figure 2) . 409 410
Validation of KASP marker SS68 linked to Ur-3 gene 411
We used the SS68 KASP marker to genotype a panel of 130 common bean cultivars and varieties 412 that included dry and snap beans. Some of these common beans contained the Ur-3 gene alone 413 while others had Ur-3 in combination with other rust resistance genes. In addition, other cultivars 414 had single or combinations of the other ten rust resistance genes in common bean. The results of 415 this validation showed that SS68 was highly accurate for the identification of the Ur-3 locus 416 (Table 7) . No false positives or false negatives were observed when comparing the genotypic 417 (evaluation with SS68 marker) and phenotypic (reaction to race 53) evaluations of these 418 cultivars. 419
420
The Ur-3 locus contains six candidate genes 421
The genomic region delimited by markers SS36 and SS21 defined as the Ur-3 locus, contained 422 six candidate genes according to Phytozome.net database for P vulgaris assembly V1.0. The 423 names of these genes are: Phvul.011G193100, Phvul.011G193200, Phvul.011G193300, 424
Phvul.011G193400, Phvul.011G193500 and Phvul.011G193600. Three of these Ur-3 genes 425 (Phvul.011G193100, Phvul.011G193500 and Phvul.011G193600) are classified as containing 426
NB-ARC domains and leucine rich repeat (LRR) regions. Genes Phvul.011G193200 and 427
Phvul.011G193400 are annotated as serine/threonine kinases, and Phvul.011G193300 is a 428 tyrosine kinase with salt/stress response-related and antifungal function. All these candidate 429 genes except Phvul.011G193600 were highly expressed in common bean leaves according to the 430 expression level experiments recorded in the JGI genome browser for P. vulgaris.
Development of accurate SNP markers linked to Ur-3 locus 434 435
The historically important Ur-3 gene confers resistance to the pathogen that causes the rust 436 disease of common bean. The effective incorporation of Ur-3 into dry and snap beans using 437 molecular markers has been limited by the inaccuracy of the markers linked to this gene (Stavely 438 2000) . The reported RAPD (OK14 620 ) and the SCAR (SK14) markers linked to Ur-3 produced Given the importance of Ur-3, we determined to search for highly accurate molecular markers 456 linked to Ur-3, using a fine mapping approach. We employed a variety of technologies that 457 included phenotyping with specific races of the bean trust pathogen, bulk segregant analysis 458 coupled with high-throughput SNP genotyping using the BARCBEAN6K_3 BeadChip, SSR and 459 KASP marker development, and local association analysis using SNPs from previous whole 460 genome shotgun sequencing efforts. In summary, these technologies permitted the identification 461 of KASP marker SS68 that was highly accurate in identifying the presence of Ur-3 in a panel of 462 between Pinto 114 x Mexico 235 (Ur-3+). No recombination was observed between phenotype and the genotype in this study (data not shown). These results confirm the accuracy and utility of 466 the KASP marker SS68 even when this marker is used on mapping populations in which the 467 origin of the Ur-3 gene is not the cultivar Aurora. Pv11, which could not be accomplished with previously reported markers linked to Ur-3 ( Table  478 7). Moreover because Ur-3 gene is epistatic to Ur-11, it is difficult to combine these two genes 479 using inoculations with races of the rust pathogen (Stavely, 2000) . Thus, using marker SS68 to 480 identify Ur-3 when combined with Ur-11 can avoid this hurdle. conferring resistance to Colletotrichum lindemuthianum in common bean, has been characterized threonine protein kinase constitutes candidate genes for controlling angular leaf spot resistance in 497 the Andean landrace G 5686 (Keller et al. 2015) . Whether the phenotype of the Ur-3 locus is the 498 result of the expression of one or more of the six candidates genes will be a matter of further 499 investigation. 500
Sequence analysis of the Andean landrace G 19833 used to sequence the reference 501 genome of common bean, which is susceptible to race 53, indicating that it does not have Ur-3, 502 revealed that the 46.5 Kb genomic region containing the Ur-3 locus, is highly duplicated (Figure 503 S1) and it includes repetitive elements in the intergenic spaces. Additionally, this genomic region 504 is AT-rich (33% vs. 16% for GC) which suggests that it is highly unstable. Sequence analysis 505 comparing the Mesoamerican Aurora common bean and the Andean landrace G19833, will 506 provide valuable insights into the structural differences and evolutionary history of the important 507
Ur-3 rust resistance locus. 508
509
CONCLUSIONS 510
This study used a new approach to generate KASP SS68, the first highly accurate DNA marker 511 linked to the Ur-3 rust resistance gene in common bean. We fine-mapped a 46.5 kb genomic 512 region in chromosome Pv11 present in Mesoamerican common bean cultivar Aurora. This was 513 accomplished using the BARCBEAN6K_3 BeadChip, SSRs, KASP technology, and local 514 association. The validation of this newly discovered SS68 marker on a panel of 130 common 515 bean lines and varieties revealed that SS68 was highly accurate in identifying Ur-3. This marker 516 will be of great value for common beans combining Ur-3 with other Andean and Mesoamerican 517 genes with broad-spectrum resistance to the highly variable bean rust pathogen. In addition, the 518 utilization of the new KASP marker SS68 will reduce significantly the time and labor associated 519 with the transfer of the Ur-3 gene using inoculations of bean plants with specific races of the rust 520 pathogen. The genomic region containing the Ur-3 locus included six genes annotated in the 521 reference genome of P. vulgaris. These genes are likely candidates for the Ur-3 rust resistance 522 gene. Gene expression analysis of these candidate genes and functional approaches will enhance 523 our understanding of the mechanisms underlying the reaction of P. vulgaris to Uromyces 524 appendiculatus. 525 
